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Set point for sodium homeostasis: Surfeit, deficit,
and their implications
In a cybernetic or feedback-controlled system,
some variable is maintained around a predeter-
mined level, variously known as the set point, null
point, or the quiescent value [1-61. Perhaps the ex-
ample most familiar to us is the role played by the
thermostat in our home heating system. Any de-
scription of a cybernetic system that omits the set
point is incomplete. Sodium homeostasis, espe-
cially the control of extracellular fluid volume, pro-
vides an excellent example of a feedback-controlled
system. The afferent and efferent limbs of this sys-
tem have received considerable attention, but the set
point has received remarkably little emphasis—an
omission that has led to inevitable confusion. I will
focus, therefore, on the definition of the normal set
point for sodium balance and on the implications of
the set point for a number of related disciplines. On-
ly a few examples of the implications will be cited,
but those interested in the field will find many more.
Renal response to reduced sodium intake
A reduction in sodium intake induces a highly
predictable physiologic response in a normal per-
son. The amount of sodium excreted by the kidney
falls daily to match, within days, the new, reduced
level of intake. Close examination of the response
reveals that the quantity of sodium excreted in each
24-hour urine volume falls as an exponential func-
tion, with a t1/2 of about 24 hours in adults [7-10].
The statement made in reviews on the subject—im-
plicitly in most, but explicitly in some—is that the
fall in sodium excretion represents mobilization of
the forces that protect extracellular fluid volume as
a response to the development of a sodium deficit.
Common parlance describes an individual who in-
gests a typical diet as being sodium "replete," and
the individual who excretes sodium while coming
into balance on a minimal intake as being sodium
"depleted." In the latter case, is a deficit of sodium
really present? Does the calculation of negative so-
dium balance have any real meaning, or is it merely
an exercise in arithmetic?
There is a puzzle. We are so conditioned to
seeing exponential responses in biological systems
that we may miss their implications. If a sodium
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deficit is accruing under the simple conditions de-
scribed above, an exponential response is ther-
modynamically unsound. Because sodium is ex-
creted each day, with a minimal intake the magni-
tude of the deficit increases, but the rate constant of
the exponential response remains unchanged. In-
deed the absolute decrement in renal sodium excre-
tion falls with time. For such an important function
as the defense of extracellular fluid volume, one
would anticipate an accelerating renal response as
the magnitude of the deficit grows. One possibility,
that the rate of activation of the sodium-rate-retain-
ing mechanism reflects a physiologic maximum, can
be rejected. Perhaps the simplest observation in-
volves the renal response to hemorrhage: Sodium
disappears from the urine in minutes under these
circumstances, well before there is a measurable
renal hemodynamic response [11]. Additional evi-
dence derived from studies in man and directed to
this point will be cited [7].
There is a second, related puzzle, which, by
chance, first led me to be interested in this subject.
A normal man, who was in balance on a 10-mEq
daily sodium intake for a protocol, inadvertently re-
ceived a 30-mEq sodium load—inadvertent in that a
glucose tolerance test was performed and the intra-
venous line was kept open with normal saline. His
renal sodium excretion promptly increased, and he
disposed of precisely the amount of sodium he had
received. If a sodium deficit had accumulated while
he was coming into balance on his very low sodium
intake, and if the sodium-retaining mechanisms
were activated, why should he have rejected the ad-
ministered sodium? In a system as jealously guard-
ed as extracellular fluid volume, the additional so-
dium should have been retained to offset the deficit.
His calculated negative sodium balance that ac-
crued during the interval while he came into balance
on his new, reduced sodium intake was over 300
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mEq. This phenomenon is not unique; it also has
occurred in a series of healthy persons that we have
studied [12], and it has been well documented in a
number of other studies [7, 13]. When normal per-
Sons are in balance on a low-sodium intake, they
routinely respond to administration of sodium with
a prompt natriuresis (for an example, see Fig. 1).
The thrust of this essay will be to dispel the no-
tion that a normal individual is "sodium replete"
only when ingesting salt and is "depleted" when so-
dium intake is reduced in the absence of extrarenal
losses. Current usage of the terms replete and de-
pleted is a biological provincialism in which many
of us have participated.
Strauss et al addressed themselves to these
anomalies in a brilliant, and rarely cited, study [7].
They performed two experiments in normal man
that made tenable only a single hypothesis. The first
experiment dealt with the rate of response of the
sodium-conserving mechanism. A person who was
given in diuretic when a low-sodium diet was insti-
tuted, so that a much larger amount of sodium was
excreted on the first day, reduced his sodium to
minimal levels on the second day, when the direct
influence of the diuretic on the kidney had dis-
sipated. The system was quite capable of respond-
ing very rapidly in man.
The second experiment dealt with the response to
a sodium load alter balance on a low-salt diet was
achieved. A person who was in balance on a low-
salt diet, when given even a trace amount of sodium
chloride, promptly excreted that amount. When, on
the other hand, the total amount of sodium in his
body was reduced further by a diuretic, and balance
on a low-sodium intake was achieved, his response
to an increment of sodium was dramatically dif-
ferent. He did not excrete the additional sodium
chloride until the amount lost following diuretic ad-
ministration was replaced. All of their subjects in
balance on a low-salt diet responded, as sours did,
to a 30-mEq load. A prompt natriuresis occurred, and
continued until the 30 mEq was disposed of. If a
diuretic administered prior to the sodium load re-
sulted in a lOO-mEq natriuresis, then the subject did
not respond to 30 mEq of sodium administered
thereafter with a natriuresis. Indeed, a response did
not occur until the entire 100 mEq that were lost in
response to the diuretic were replaced. At that point
the natriuretic response to even a tiny amount of
sodium chloride was restored.
Could the diuretic used by Strauss have had a di-
rect and continuing renal answer that was independ-
ent of sodium balance in these experiments? For
Time, rn/n
Fig. 1. Mean sodium excretion in ten recumbent normal subjects
in balance on a 5-tnEq sodium intake. At time xero, labeled in-
fusion" in the figure, the subjects received an i.v. infusion of 15
mmoles of sodium chloride in a hypotonic solution. Sodium ex-
cretion rose from an average of 18 sEq/min to an average of 56
eEq/min—about a threefold increase. In control studies without
a saline infusion, there was no tendency for such a natriuresis.
(This figure has been reproduced from Strauss et a! [7] with per-
mission of the publisher, American Medical Association.)
three reasons the answer is no. First, the sodium
challenge was performed well after the agent was
administered. Second, the ultimate influence of the
agent was antinatriuretic—the opposite of its direct
action on the kidney. Third, and perhaps most im-
portant, the internal quantitative aspects were so
striking: the amount of sodium which had to be re-
placed following diuretic administration before a
natriuresis would occur was remarkably close to the
loss induced by the diuretic. It is hard to believe
that an unrelated action of the diuretic could have
led to such striking concordance.
How can we account for these three puzzling
observations: that sodium excretion falls expo-
nentially when intake is restricted despite an in-
creasing stimulus; that excretion of sodium occurs
promptly in an individual on a low-salt diet when
sodium is administered, despite the forces that re-
duce sodium excretion being mobilized; and that if
more sodium is squeezed out of the subject in bal-
ance on a low-salt diet, a natriuresis will not follow
administration of sodium until the additional
amount lost is replaced? One interpretation makes
these observations understandable [7].
The set point around which sodium balance cy-
cles in the normal person is that amount of sodium
chloride in his body when he is in balance on no-salt
intake. Most of us, most of the time, are in a state of
sodium excess, in the absence of extrarenal losses,
enjoying a surfeit because of what we choose to eat.
When excretion of sodium is reduced on restriction
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of sodium intake, the fall in sodium excretion does
not reflect activation of mechanisms designed to re-
tain sodium. Rather these mechanisms are sup-
pressed by an expanded sodium space. With a re-
duction in sodium intake, the stimulus to suppres-
sion is reduced, the system is running downhill, and
the exponential reduction in the amount of sodium
excretion is appropriate, reflecting a progressive re-
duction in the magnitude of the stimulus to excre-
tion of sodium. There is no thermodynamic puzzle.
Similarly, the prompt excretion of sodium chloride
when administered to a person in balance on a low-
sodium intake is also understandable and appropri-
ate, rather than anomalous. An excess is being ex-
creted. When a person receives, in addition, a diu-
retic, he operates below the set point, in an area of
true sodium deficit—and will retain sodium until the
set point is reached. The only surprise left in the
system is that so small a stimulus can be perceived.
A 15-mEq increment in sodium intake in a person in
sodium balance routinely results in a prompt natriu-
retic response; 15 mEq is less than 1% of the total
body sodium.
What are the alternatives to an hypothesis that
places the set point at the total body sodium con-
centration where intake and output are near zero?
There are three alternatives: first, that there is no
set point; second, that the set point is well below
that amount of sodium in the body when none is
being ingested or excreted; and third, that the set
point lies well above that level.
That first alternative, that a set point does not ex-
ist, is interesting but extraordinarily unlikely, as it is
difficult to conceive of a feedback control system
without some reference point. Chaos would result.
The second alternative, that the set point lies well
below that suggested by this analysis, is compatible
with some, but not all, of the observations. The ex-
ponential reduction in sodium excretion when a re-
duced sodium intake occurs is compatible. Other
observations are not compatible with such a low
setting, especially those that dealt with the failure of
a natriuresis to occur following diuretic administra-
tion in persons on a low-salt diet until the diuretic-
induced loss was replaced. If, for example, the set
point were actually 200 mmoles below that level,
one would have anticipated that the kidney would
have responded to a sodium load with a natriuresis
until the diuretic had induced a further loss, which
exceeded 200 mmoles. The third alternative is that
the set point lies above the level defended in this
essay. If it is above but near that level (for example,
30 mmoles above it), the argument does not change.
Let us examine the consequences of a set point set
well above that level, for example, a total body so-
dium 200 mmoles above that, where sodium intake
equals excretion, which equals zero. Can one ac-
count for the exponential reduction in renal sodium
excretion when a restricted sodium intake is insti-
tuted on that basis? No. That would make sense on-
ly if the renal response were insensitive and slug-
gish. But experiments reviewed above make it clear
that this system is neither insensitive nor sluggish.
Can one account for the fact that sodium excretion
will occur in the individual in balance on a low-so-
dium intake when a tiny increment is administered?
No. Indeed, this observation becomes even more
puzzling. If the state of sodium balance is as jeal-
ously guarded as we all believed it to be, how can
one make sense of sodium excretion when all of the
forces required to defend the sodium space have
been mobilized? And equally difficult, how can we
account for the fact that sodium excretion does not
occur with a challenge when a few additional milli-
moles of sodium are lost with the diuretic? Why
should there be such a striking discontinuity in the
process so far away from the set point?
Taken in all, the one possibility that fits comfort-
ably with all of the available obervations is the evi-
dence for a set point for sodium homeostasis that
lies normally at that total body sodium content
where an individual not ingesting sodium has no so-
dium excretion in the absence of renal or extrarenal
losses.
If we cannot answer the question concerning how
this tiny increment in total body sodium is per-
ceived, and we cannot, we can find partial answers
to a number of additional, interesting questions.
Why do we routinely function above the set point?
What are the implications of doing so? What are the
implications of having defined the set point, other
than the aesthetic appeal of its obvious truth?
Salt intake
The history of salt use is ill-defined. We do know,
however, that salt was used in widely separated,
early, complex societies, including Babylon, Egypt,
and China [14—19]. Careful observers writing in the
Yellow Emperor's manual of internal medicine,
published 4,500 years ago in China, noted that use
of salt expands the pulse [19]. Sanskrit and daughter
languages do not share a common root for the word
salt: Indo-Europeans when first migrating did not
know its use, but over 2,600 years ago, Homer, the
first European poet, called it "divine" [16]. In the
Bible, Job asked, "Can that which is unsavory be
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eaten without salt?" Modern biblical scholars place
that statement over 2,400 years ago [20]. Matthew
calls the best of and most admirable element of
mankind the salt of the earth." The economic val-
ue of salt is apparent in the term salary," from the
Roman period. The words salubrious and salutary
both owe their origins to the same root. Salt is still
used as a major currency in isolated mountain
areas, in Nepal and in the Andes.
The record, however, is not all positive. In Gene-
sis we are told that Lot's wife became a pillar of
salt. The Romans, who knew the value of healthy
skepticism, often took conclusions "cum grano
salis," and we still express our reservations with a
grain of salt.
Despite the importance of sodium chloride in
homeostasis and the precision with which the quan-
tity in the body is controlled, the amount ingested
by man is largely dictated by conditions other than
metabolic need, conditions which are primarily cul-
tural in origin. For this reason, attempts to define a
"normal" sodium intake [21] are meaningless.
Diets throughout the world vary greatly in their salt
content; whether or not more salt is added, and how
much, is determined largely on the basis of palat-
ability and custom. Palatability itself is culturally
determined.
Primitive man apparently did not add salt to his
food as long as he either lived by the sea or ate his
meat raw [22-26]. Human domestication made salt
a desirable addition to the diet. Salt's utility as a
preservative must have played a considerable role
in the development of habits of salt intake. Many
primitive tribes still do not use salt and apparently
dislike it when it is first introduced. In a relatively
short time, however, a habituation apparently de-
velops in a manner analogous to the learned needs
for alcohol, tobacco, and coffee. The habituation is
easily and rapidly reversed, in the right circum-
stance. Mothers of small children with renal disease
when evaluated as potential kidney donors on our
metabolic ward have selected a diet that often lay in
the range of 40 to 60 mEq/day, well below the typi-
cal North American intake, which often exceeds
150 mEq/day. This "down-regulation" of salt appe-
tite has been apparent within 3 months of the child's
being placed on a restricted sodium intake. Fathers
from the same family, presumably because they eat
a substantial number of meals away from home,
have not displayed as striking a readjustment of salt
appetite.
But what of the well-known salt-licks that attract
deer from miles away? And what of the elegant
studies that document salt preference in animals
[23]? These observations are not to be denied.
There are, moreover, reasons for believing that
there was some selective advantage for the gene
pooi in an expanded sodium space, for organisms
living in a world in which trauma, pregnancy, lacta-
tion, sodium losses in sweat or with gastrointestinal
disease could all lead to a critical sodium deficit.
But none of these observations deny the presence
of a set point or its absolute level: What they reflect
are reasons why we operate typically at a total body
sodium well above the set point.
Implications
In science, as in politics, perceptions matter; to a
major extent, at least for a time, things are what
they seem to be. In neither discipline is a major ar-
gument needed for making what things seem, ap-
proximate what they are. Aside from the aesthetic
appeal of a correct description, however, recogni-
tion of the set point for sodium homeostasis has a
wide range of implications for our understanding of
normal cardiovascular, renal, and endocrine func-
tion, for our understanding of the edema states,
and, perhaps, even for our understanding of the
pathogenesis of essential and secondary hyper-
tension.
In the broad category of cardiovascular phenom-
ena, a change in sodium intake has an easily demon-
strable influence on cardiac output, renal perfusion,
and plasma and extracellular fluid volume [22, 27-
29]. Surely the frame of reference should be the val-
ues for these important physiologic variables at the
set point for sodium homeostasis. One might antici-
pate that a very fruitful area for investigation would
involve how these variables are influenced as they
move from the set point for sodium homeostasis in
various diseases. For example, we have found that
the pressor response to angiotensin II did not differ
when normal subjects and patients with essential
hypertension were in balance on a l0-mEq sodium
intake, but did on a higher sodium intake [30].
Today one might reinterpret this experiment as in-
dicating that vascular reactivity to angiotensin II is
normal in essential hypertension at the set point,
but shows a deviation from normal as extracellular
fluid volume, or at least sodium space, is expanded.
The recent development of agents that block the
renin-angiotensin system at one of several levels
has provided a new insight into angiotensin's contri-
bution to normal and disordered cardiovascular,
renal, and adrenal physiology. Presumably, the
'normal contribution" of this system is that defined
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at the set point. In this context, one would reinter-
pret the available experimental evidence to con-
clude that angiotensin normally plays a small but
measurable role in maintaining arterial blood pres-
sure and a larger role in controlling renal perfusion
and aldosterone release in man [31, 32]. With in-
creasing sodium intake, angiotensin's contribution
in all of these systems is reduced: Whether the re-
duction as sodium space expands is the same in nor-
mal subjects, in patients with the edema states, and
in patients with hypertension is not known.
The definition of the set point also provides some
insight into the optimal approach to defining the
amount of sodium intake that is appropriate to as-
sessing these functions. Pharmacologists have long
known that a dose-response curve is best delineated
by using log-dose increments. A typical dose-re-
sponse curve would involve giving 10, 30, 100, 300,
1000, and more units of the agent. From the set
point, the sodium ion becomes just another exoge-
nous agent to which most systems presumably re-
spond on a logarithmic scale. On that basis, one
would anticipate that the impact on the system of
moving from a l0-mEq to a 30-mEq daily intake
would be equivalent to that in moving from 30 mEq
to 100 mEq, and even more dramatically, on mov-
ing from 100 to 300 mEq daily. In this context, a
number of phenomena become less puzzling.
An excellent example is found in the relationships
between sodium intake, sodium excretion, and al-
dosterone secretion [33]. These investigators found
extreme difficulty in interpreting data that revealed
that during sodium depletion" (sic) induced by a
reduced sodium intake in normal subjects, aldoste-
rone excretion reacted slowly and apparently in-
adequately until a critical level of sodium or volume
depletion was reached. The investigators demon-
strated a more consistent relationship of aldoste-
rone secretion to renal sodium excretion than to ei-
ther intake or cumulative sodium balance. Early on
a low-salt diet, normally "the modest increases in
aldosterone secretion were insufficient to effect ade-
quate sodium conservation. . . . The system, there-
fore seemed to be designed to defend a critical mass
rather than to respond in a continuous or linear
fashion to sodium loss" [33]. From the perspective
of the set point, these data are more easily inter-
preted. Several of the features are no longer puz-
zling. First, until the new steady state is achieved,
sodium excretion provides a better indication in
normal man of the state of sodium balance than
does intake. Cumulative sodium balance from the
arbitrary value prior to instituting the diet has no
meaning, as no deficit has occurred. The larger the
prior excess, the larger will be the calculated cu-
mulative sodium loss, but this is not a sodium defi-
cit, and its magnitude is irrelevant. The magnitude
merely reflects how far from the set point the indi-
vidual was operating prior to instituting the diet. So-
dium excretion provides an index of how close to
the set point the individual has come and should
correlate best with the adrenal response. The alin-
earity of the response is also more easily under-
stood. The adrenal has been suppressed by a high-
sodium intake prior to ingestion of the new diet, and
the magnitude of the suppression will have been a
logarithmic function of the excess sodium intake,
for the reasons delineated above. One would there-
fore anticipate larger increments in aldosterone se-
cretion as the set point is approached.
There are other areas that require exploration.
For example, many investigators have used diuret-
ics to mimic the impact of the more tedious and
time-consuming approach of adjusting sodium in-
take. This approach may be very unsatisfactory, as
the diuretic may leave the individual well above the
set point or, perhaps even more important, may
move the individual below the set point [7]. We do
not know whether function below the set point is
quantitatively or qualitatively different from that
above it. The amount of sodium in the urine after
the acute effects of the natriuretic agent had dis-
sipated would provide an index above the set point,
but not below it.
This approach also raises the question about the
possibility that a disease process may occur be-
cause of a shift in the set point. A number of ex-
amples, which are well-documented, already exist.
For example, when renal artery stenosis involves
both renal arteries or the artery to a single kidney,
the resultant process differs strikingly from that due
to unilateral renal artery stenosis [34]. When ste-
nosis is bilateral or involves a single kidney, all of
the functioning renal parenchymal mass is distal to
the stenosis and operates at a lower pressure level.
The individuals act as though they function with a
larger total body sodium. Such individuals will vary
their sodium excretion in responses to changes in
sodium intake and, will achieve a new steady state
at any level of sodium intake: It is reasonable to
conclude that the total body sodium required to
achieve a level of sodium excretion is expanded in
such patients. A similar logic applies to primary al-
dosteronism and "DOCA escape," and probably to
chronic renal parenchymal disease. Similarly, pa-
tients with edema due to a wide variety of causes
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will excrete sodium as they move from the set
point, and will even come into balance on a high-
sodium intake but with an obvious expansion of the
extracellular fluid volume, evident in the accumula-
tion of edema. One cannot help but wonder whether
the still puzzling edema states, such as cyclic ede-
ma, might not involve a primary shift in the set
point.
Certain observations on the response to pharma-
cologic agents are also compatible with relatively
acute and reversible shifts in the set point. For ex-
ample, MacGregor et al have recently described
acute sodium retention and edema formation in
women when their habitual intake of diuretics was
suddenly stopped [35]. In each case, the initial in-
dication for diuretic use was related to concern
about their weight and appearance and did not have
a primary basis in sodium retention or hyper-
tension. Nine of the ten became edematous, with
severe sodium retention: this was transient in that
most became edema-free without the use of diuret-
ics or of sodium-restricted intake in the subsequent
months. These observations are compatible with a
reversible shift in the set point for sodium homeo-
stasis, induced by prolonged sojourn at a reduced
total body sodium—perhaps sustained below the
normal set point. Similarly, the tendency of vaso-
dilator agents to induce sodium retention, a com-
mon observation in patients with hypertension
when therapy is initiated, can be viewed as a shift in
the set point. In this setting, presumably, the vaso-
dilation is perceived by the sensing apparatus as
a reduction in plasma volume and total body so-
dium. An analagous interpretation can be applied to
the renal response to anesthesia.
Finally, it is tempting to speculate on the role
played by a shift in the set point in the pathogenesis
of essential hypertension. A shift in the set point
due to a modification in the apparatus responsible
for monitoring sodium space could account for ex-
aggerated natriuresis, the epidemiologic evidence
linking sodium intake in communities to the preva-
lence and complications of hypertension, the in-
creasing prevalence of low-renin hypertension with
increasing age and presumably duration of hyper-
tension, and the therapeutic efficacy of reducing the
total amount of sodium in the body [22]. Intuition
says that the way to answer these questions is to
study modification of the response in the range of
small shifts from the set point, rather than at very
high sodium intakes. Dipping a mouse in liquid ni-
trogen might not be the best approach to under-
standing the delicate, normal temperature-regulat-
ing devices!
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